Introduction
Chalcosiderite is a member of the turquoise mineral group. These are hydrated basic phosphates based upon the formula AB 6 (PO 4 [1] . The minerals have been known for an extended period of time [2] [3] [4] [5] [6] . From an early time, the crystal structure has been explored [7] [8] [9] [10] . The minerals are triclinic as is shown in Fig. 1 . Cid-Dresdner showed the crystal structure of turquoise, CuAl 6 (PO 4 ) 4 (OH) 8 Á4H 2 O, consists of zig-zag chains of Al octahedra running in the direction of the b axis and sharing corners with each other and with P tetrahedra. The Cu is in distorted octahedral coordination, sharing four edges with four Al octahedra. Turquoise is the Al end member and Fe the end member is chalcosiderite.
The amount of published data on the Raman spectra of mineral phosphates is limited. There has been almost no published spectra on the turquoise mineral group [11] [12] [13] . The Raman spectra of the hydrated hydroxy phosphate minerals have not been reported. In aqueous systems, Raman spectra of phosphate oxyanions show a symmetric stretching mode (m 1 ) at 938 cm À1 , the antisymmetric stretching mode (m 3 ) at 1017 cm
À1
, the symmetric bending mode (m 2 ) at 420 cm À1 and the m 4 mode at 567 cm À1 [14] [15] [16] . S.D. Ross in Farmer (1974) (page 404) listed some well-known minerals containing phosphate which were either hydrated or hydroxylated or both [17] . The value for the m 1 symmetric stretching vibration of PO 4 units as determined by infrared spectroscopy was given as 930 cm À1 (augelite), 940 cm À1 (wavellite), 970 cm À1 (rockbridgeite), 995 cm
(dufrenite) and 965 cm À1 (beraunite). The position of the symmetric stretching vibration is mineral dependent and a function of the cation and crystal structure. The fact that the symmetric stretching mode is observed in the infrared spectrum affirms a reduction in symmetry of the PO 4 units. Raman spectroscopy has proven most useful for the study of mineral structure. The objective of this research is to report the Raman and infrared spectra of chalcosiderite and to relate the spectra to the mineral structure.
Experimental

Samples description and preparation
The chalcosiderite sample studied in this work was collected from the Siglo XX mine (also named Llallagua), a tin deposit located in the Andes Mountain, Bustillo Province, northern of Potosi department, Bolivia. In the middle of the 20th century Siglo XX was the most productive tin mine in the world. The mine is also an important source for rare and unusual secondary phosphate minerals and is the type locality for a number of rare phosphates such as vauxite, paravauxite, metavauxite and jeanbandyite. The host rock is a conical subvolcanic stock of Tertiary age and the ore deposit is made up of porphyry and porphyry breccias. Hydrothermal alteration was responsible for the replacement of the primary mineralogy and the development of cericitization and tourmalinization [18] .
In the Siglo XX mine, light blue to greenish blue chalcosiderite spheres and botryodal aggregates of crystals up to 5.0 mm in length mainly occur in association or as pseudomorph of paravauxite. Other secondary phosphates such as vivianite, wavellite, metavauxite, sigloite, crandallite and childrenite also can be found in association. The sample was incorporated to the collection of the Geology Department of the Federal University of Ouro Preto, Minas Gerais, Brazil, with sample code SAB-013. An image of the studied sample is presented as Supplementary information (S1). The sample was gently crushed and the associated minerals were removed under a stereomicroscope Leica MZ4. A fragment of pure chalcosiderite was selected and a SEM/EDS image is shown in Fig. 1 . The mineral sample was phase analysed by X-ray diffraction.
Scanning electron microscopy (SEM)
Experiments and analyses involving electron microscopy were performed in the centre of Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, Brazil (http:// www.microscopia.ufmg.br).
Chalcosiderite crystals were coated with a 5 nm layer of evaporated carbon. Secondary Electron and Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. Qualitative and semi-quantitative chemical analyses in the EDS mode were performed with a ThermoNORAN spectrometer model Quest and was applied to support the mineral characterization.
Raman microprobe spectroscopy
Crystals of chalcosiderite were placed on a polished metal surface on the stage of an Olympus BHSM microscope, which is equipped with 10Â, 20Â, and 50Â objectives. The microscope is part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and collected at a nominal resolution of 2 cm À1 and a precision of Table 1 Factor group analysis of 2Â PO 3À 4 vibrations. ±1 cm À1 in the range between 200 and 4000 cm À1 . Repeated acquisitions on the crystals using the highest magnification (50Â) were accumulated to improve the signal to noise ratio of the spectra. Raman Spectra were calibrated using the 520.5 cm À1 line of a silicon wafer. The Raman spectrum of at least 10 crystals was collected to ensure the consistency of the spectra.
An image of the chalcosiderite crystals measured is shown in Fig. 1 . Clearly the crystals of chalcosiderite are readily observed, making the Raman spectroscopic measurements readily obtainable.
Infrared spectroscopy
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart endurance single bounce diamond ATR cell. Spectra over the 4000-525 cm À1 range were obtained by the co-addition of 128 scans with a resolution of 4 cm À1 and a mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.
Spectral manipulation such as baseline correction/adjustment and smoothing were performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, USA). Band component analysis was undertaken using the Jandel 'Peakfit' software package that enabled the type of fitting function to be selected and allows specific parameters to be fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product function with the minimum number of component bands used for the fitting process. The Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was undertaken until reproducible results were obtained with squared correlations of r 2 greater than 0.995.
Results and discussion
Chemical characterization
The SEM image of chalcosiderite sample studied in this work is shown in Fig. 1 . The image shows a fragment of a spherical aggregate. Qualitative chemical analysis shows a homogeneous composition, with predominance of P, Al, Ca, Fe and Cu. Minor amounts of S were also observed. The spectrum is shown in Fig. 2 .
Factor group analysis
The factor group analysis for turquoise and related minerals is given in Tables 1 and 2 . In the structure of turquoise there are two non-equivalent phosphate, two non-equivalent water units and four non-equivalent OH units. Thus there are two distinct sets of water and phosphate vibrations. The lattice vibrations are represented as C = 57A u + 57A g . There are 36 internal phosphate vibrations and 12 internal water vibrations which make a total of 162 crystal vibrations, i.e. [CuAl 6 (PO 4 ) 4 (OH)
Spectroscopy
The spectra of chalcosiderite [CuFe 6 (PO 4 ) 4 (OH) 8 Á4H 2 O] depend on the subunits in the structure, namely the phosphate units, the water units and the hydroxyl units. Each of these units will show vibrational bands in both the Raman and infrared spectra. Some overlap of bands of the water and OH units may occur. One most beneficial way of studying phosphate minerals is to undertake vibrational spectroscopy. In this way, the symmetry and distortion of the phosphate units in the mineral structure can be ascertained. Further, if there are different sometimes called non-equivalent phosphate units, then vibrational spectroscopy can determine if the phosphate units are identical or different. The Raman spectrum of chalcosiderite over the 100-4000 cm À1 spectral region is displayed in Fig. 3a . This figure shows the position and relative intensity of the Raman bands. It is obvious that the less intense spectral region is over the 2600-4000 cm À1 region. This region is where the water and OH stretching vibrations are likely to be observed. The overall spectrum may be subdivided into sections depending upon the type of vibration being studied. The infrared spectrum over the 500-4000 cm À1 spectral range is shown in Fig. 3b . As for the Raman spectrum there are spectral regions where no intensity is observed and therefore the spectrum may be subdivided into sections depending upon the type of vibration.
The Raman spectrum in the 800-1400 cm À1 spectral range is displayed in Fig. 4a . This spectral region is the region of the phosphate stretching bands. The infrared spectrum shown in Fig. 4b , shows a complex spectral profile with overlapping bands. In the . The replacement of Al (turquoise) by Fe (chalcosiderite) in the structure causes a shift to lower wavenumbers. A band is observed in the Raman spectrum at around 990 cm À1 . The assignment of this band is open to question. There are two possibilities (a) a hydrogen phosphate symmetric stretching mode and (b) a hydroxyl deformation mode. In the light of the previous assignment of the higher wavenumber bands the latter assignment is preferred.
The infrared spectrum (Fig. 4b) . Factor group analysis predicts there should be six infrared active modes. Six bands are not observed and this is attributed to accidental degeneracy. The two sets of Raman and infrared bands from the two independent phosphate units overlap. The infrared band at 954 cm À1 may be attributed to a hydroxyl deformation mode. The Raman spectra of chalcosiderite in the 300-800 cm À1 and 100-300 cm À1 spectral range are reported in Fig. 5a and b. The first spectral region is the region where the phosphate bending modes are observed. The spectrum may be divided into subsections. The spectral region between 700 and 800 cm À1 are assigned to water librational modes. According to the factor group analysis there should be two sets of water bands. This is confirmed by the experiment in that two water librational modes are observed. In the spectral range from 500 to 700 cm À1 region, four Raman bands are observed at 536, 580, 598 and 636 cm
À1
. These four bands are assigned to the m 4 bending modes. The results of FGA show that at least two bending modes would be found and this is confirmed by the observation of four bending modes in the Raman spectrum. Raman bands for turquoise are observed at 550, 570, 593 and 643 cm
. The number of bands in this spectral region confirms the existence of two non-equivalent phosphate units and the loss of degeneracy of the bending modes.
The next spectral region is from around 500 to 400 cm À1 where the phosphate m 2 bending modes are expected. Raman bands for chalcosiderite are found at 415, 420, 475 and 484 cm À1 . In comparison, the Raman bands for turquoise Raman bands were found at 419, 439, 468 and 484 cm À1 . The bands for chalcosiderite (the Fe rich compound) appear at lower wavenumbers than the Aluminium rich mineral turquoise. Raman bands for chalcosiderite are observed at 333, 351 and 388 cm À1 . These bands are assigned to CuO stretching bands. Intense Raman bands are observed in the region centred upon 330 cm À1 for turquoise. Multiple bands are also observed for turquoise. Bands in this spectral region are assigned to CuO and metal-oxygen stretching vibrations. Raman bands in the 100-300 cm À1 spectral range are simply defined as lattice vibrations. The Raman spectrum of chalcosiderite in the OH stretching region are reported in Fig. 6a . One of the difficulties that may be predicted is the potential overlap between the OH stretching vibrations of the OH units and the water units. The Raman spectra between 3800 and 2600 cm À1 may be subdivided into two spectral regions (a) 3400-2600 cm À1 and (b) 3800-3400 cm
. The first spectral region is where the water OH stretching bands are observed and the second region is where the OH stretching bands of the hydroxyl units. FGA predicts two independent water units and four OH units. The vibrational modes are both Raman and infrared active. Thus it is predicted that there should be a four OH symmetric stretching vibrations from the OH units and two from the water units. A very intense band is observed at 3514 cm À1 with a shoulder band on the lower wavenumber side together with a small low intensity band at 3543 cm
. There is also a broad band at 3482 cm
. These bands are attributed to the OH stretching vibrations of the OH units. Two strong Raman bands are found at 3306 and 3420 cm À1 and are assigned to the water stretching modes. For turquoise, Raman bands attributed to water stretching vibrations are found at 3276 and 3072 cm Studies have shown a strong correlation between OH stretching frequencies and both OÁ Á ÁO bond distances and HÁ Á ÁO hydrogen bond distances [19] [20] [21] [22] . Libowitzky showed that a regression function can be employed relating the hydroxyl stretching frequencies with regression coefficients better than 0.96 using infrared spectroscopy [23] . The function is described as: m 1 = ð3592 À 304Þ Â 10 
Conclusions
A chalcosiderite mineral from Siglo XX mine, Bolivia were analysed by Raman and infrared spectroscopy. The sample composition was analysed by electron probe and the exact formula determined. The vibrational spectra were related to the structure of the mineral. A comparison between the spectra of chalcosiderite and turquoise was made. The mineral chalocsiderite has two independent phosphate units in the unit cell. This results in increased complexity in the spectra resulting in doubling of many of the characteristic phosphate bands.
Vibrational spectroscopy enabled an assessment of the molecular structure of the mineral chalcosiderite.
